As the near surface deposits are being mined out, underground mines will increasingly operate at greater depths. This will increase the challenges related to transporting materials from deeper levels to the surface. For many years, the ore and waste transportation from most deep underground mines has depended on some or all of the following: truck haulage, conveyor belts, shafts, rails, and ore pass systems. In sub-level caving, and where ore passes are used, trains operating on the main lower level transport the ore from ore passes to a crusher, for subsequent hoisting to the surface through the shaft system. In many mines, the use of the ore pass system has led to several problems related to the ore pass availability, causing production disturbances and incurred cost and time for ore pass rehabilitation. These production disturbances have an impact on the mining activities since they increase the operational costs, and lower the mine throughput. A continued dependency on rock mass transportation using ore passes will generate high capital costs for various supporting structures such as rail tracks, shaft extensions, and crushers for every new main level. This study was conducted at an existing underground mine and analyzed the transport of ore from loading areas at the lower levels up to the existing shaft points using trucks without employing ore passes. The results show that, when the costs of extending ore passes to lower levels become too great or ore passes cannot be used for production, haul trucks can be a feasible alternative method for transport of ore and waste up the ramp to the existing crusher located at the previous main level. The use of trucks will avoid installing infrastructure at the next main level and extending the ore passes to lower levels, hence reducing costs.
Introduction
As resources near the surface are being mined, underground mines worldwide are operating at increasing depths. The cost and time required for rock mass transportation increases with increased mining depths, and with the aim to increase mined volumes and reduce production costs, the rock mass transportation from deeper levels to the mine surface presents challenge for the underground mines. Despite the existence and availability of several haulage options, production in most deep underground mines depends on the safe and continuous operation of the ore pass system. Ore passes are used for material transportation, and can also serve as a means to store ore in underground
Haulage Systems for Deeper Levels
Existing transport methods that are feasible for deep mines include truck haulage, shaft systems, and conveyor belts. Trucks are highly flexible in travel routes and fleet size, and provide high productivity [10] . Shaft systems may be inflexible because of their limited number of fixed feed points, but once installed they offer low operational costs [11] [12] [13] . Conveyor belts typically provide the most economic method for material transportation due to their high carrying capacity [13] . The choice of conveyor parameters is influenced by the nature of the material to be conveyed, the available tunnel space, and the overall economics of the system. Normally, all of these various haulage systems work in combination with other ore-handling components, such as Load-Haul-Dump (LHD) machines, ore passes and crushers. The haulage process is one of the most cost-intensive activities in a mining operation, and thus, one of the main contributors to operational costs [10, 14] . The expected increase in transportation costs for deeper mines makes the choice of hauling equipment essential when seeking cost reductions for deeper level operations. The high cost of developing a new main level when a mine operates at great depth necessitates the technological innovation of an alternative haulage system. Frequent problems with ore pass failures, and the significant costs involved in managing these ore passes, make the continuation of the current ore handling approach questionable. While these challenges continue, mining operations seek to optimize the haulage system so that the desired production rates are achieved on time, and at minimum cost. This study evaluates the use of trucks to transport ore from the loading areas directly to the dumping point at the shaft without using ore passes. The use of trucks will help avoid new main level development and infrastructure costs, and hence reduce capital costs.
Simulation of Haulage Systems
Underground haulage systems are complex, and involve high investment costs. For many years, analytical methods have been used to evaluate the performance of the system. These methods produce useful information on the system being analyzed, but their application is limited; for example, when the systems involve non-steady state conditions, or when operations involve uncertainties [14] [15] [16] . Under these conditions, an alternative method for analyzing a system is discrete event simulation. The random and dynamic nature of the haulage systems of mining operations makes them very difficult to model using analytical models. For that reason, in this work we have chosen to use discrete event simulation as the technique to evaluate the mine operations. When simulation is employed, model input can be based on appropriate probability distributions that characterize the input variables. The process of designing a model of a real system usually takes into account a set of assumptions for the operating system [17] . These assumptions are expressed in mathematical, logical, and symbolic relationships between the objects of the system of interest, and they can be solved analytically or by using simulation. With the aim of optimizing, improving, analyzing and planning of existing and future systems, various mining operations can be analyzed using simulation. These include: fleet requirements, the mine scheduling, and mine planning [14, 17] . There are a number of simulation tools available in the market, such as SimMine, SLAM, SIMAN, ARENA, and AUTOMOD. In this study, the SimMine simulation software, which is based on discrete event simulation principles and has been developed specifically for the simulation of mining operations [18, 19] , is used.
Case Study

Mine Description
This study was carried out in one of the largest underground mines in Sweden. The mine consists of a high-grade magnetite deposit approximately four kilometers long running in the northeasterly direction, with an average thickness of between 80 and 100 m. The mine uses the sub-level caving method (see Figure 1) . In this method, development drifts are opened first, followed by the drilling of the ore passes. The ore passes extend vertically from the current mining area down to the bottom of a new mining area, where a transportation level is located. Horizontal sub-levels are created, including crosscuts that provide access to the production drifts. The self-supported crosscuts are drilled through the orebody, perpendicular to the access routes. The spaces between sub-levels are about 28.5 m, while spaces between crosscuts are 25 m. At the crosscuts, near-vertical rings of holes are drilled in a fan-shaped pattern. Each ring contains around 10,000 t of ore and waste. The ore is mined on each sub-level, starting with overlying sub-levels and proceeding downwards; in each sub-level, the ore is removed from the hanging wall to the forefront of the footwall. As the ore is mined from a sub-level, the hanging wall collapses by design, and covers the mining area with broken waste rock [3] . 
Simulation of Haulage Systems
Case Study
Mine Description
The Current Haulage System in the Mine
The mine is divided into 10 main production areas, called blocks, which extend from the uppermost mining level down to the current main level. Each mine block currently consists of 10 sub-levels. Each block is 400 to 500 m in length, and has its own group of ore passes located at the center of the production area and extending down to the main haulage level. Currently, the main haulage level is at 1365 m. Mining continues in each block using electric LHDs with a capacity of 25 t that operate from 6 a.m. until 10 p.m., while semi-automated diesel LHD machines with a capacity of 21 t operate from 10 p.m. to 6 a.m. Blasting normally occurs at around 00:00 every day. The LHDs load the ore from draw points within each production drift, and transport the ore to the ore passes. Large trains, operating on the main level, transport the ore from ore passes to a crusher. The crushed material is stored in the ore bins, and after that transported on a small conveyor belt to the hoisting system. To conform to mining restrictions, once mining begins in a block, it must be maintained until all available ore is removed before starting to mine the next one. The current loading operation from each block results in an average daily production of 6035 t. The future plan is to increase production to 37 Mt of crude ore per year from all ten blocks, which means a daily production of 10,000 t from each block.
Conceptual Haulage System
The next main level at the mine will be at the depth of 1685 m, followed by another level 2005 m deep. With increasing depth, stresses increase, creating higher risk for geomechanical problems such as ore pass failures. If ore pass restoration is not possible, and the ore passes cannot be used for production, alternative transportation methods have to be applied. In this study, a conceptual truck haulage system for transport of the material from the production areas to the crusher on the previous main level located at 1365 m was modeled and simulated. By using a truck haulage system, the installation of a rail-mounted track system can be avoided and the hoisting system will not have to be extended, thus reducing infrastructure costs.
Simulation Model
In order to identify the number and size of the trucks needed to reach the future production target, a simulation model was developed. The model formulation was done using the SimMine simulation software (SimMine AB, Malå, Sweden), which uses a full graphical user interface for model set up. It utilizes statistical distribution functions to model variations in process times. For verification purposes, and to increase understanding, the tool has a three-dimensional environment that offers animated visual feedback of the model, allowing viewing of the dynamic system as it operates [19, 20] .
Model Settings
The conceptual mine layout modeled in the simulation is shown in Figure 2 . The modeled area consists of the current main level (1365 m) where the crusher is located, and a series of ramps connecting the production areas with the main level. In this study, two simulations were run, and can be described as follows:
Two sub-levels (located closest to the next main level at 1685 m) with two production areas in each level was considered. These two levels were selected for modeling since they are the levels located furthest away from the crusher on the previous main level, and hence require the largest number of trucks and the most time spent in queuing. These can be seen in Figure 3 as sub-levels 9 and 10. 2.
Two other sub-levels (levels 14 and 15) situated below the main level at 1685 m were also simulated. This was done to analyze the effects of further increasing the distance to the existing crusher at the main level of 1365 m. For the sub-levels above the main level at 1685 m, the modeled production areas (indicated as areas 1, 2, 3, and 4 in Figure 2 ) were chosen for the purpose of the truck modeling and simulation. Due to mining restrictions, this is the maximum number of production areas that can be used at the same time. Areas 1 and 3 are in the same production level, which for this study is called level 9, while areas 2 and 4 are on the level below, which is here called level 10. We also simulated four production areas (two at each level) for levels 14 and 15. The vertical distance between two production levels is 28.5 m.
Each of the modeled production areas in the simulation consists of 17 productions drifts (see Figure 3 ), the total expected amount of ore to be mined being 6.17 Mt. According to the mine's regulations, production at level 10 starts when level 9 is 75 percent completed. This means that 1.54 Mt remains to be hauled from level 9, while 6.17 Mt will be hauled from level 10. There is no sub-level below level 10 to commence production when the lower level is 75 percent complete, so the results that originate from the last 25 percent of level 10 will show less traffic disturbance. The reason is that the next level below it is the new main level at 1685 m. For the sub-levels above the main level at 1685 m, the modeled production areas (indicated as areas 1, 2, 3, and 4 in Figure 2 ) were chosen for the purpose of the truck modeling and simulation. Due to mining restrictions, this is the maximum number of production areas that can be used at the same time. Areas 1 and 3 are in the same production level, which for this study is called level 9, while areas 2 and 4 are on the level below, which is here called level 10. We also simulated four production areas (two at each level) for levels 14 and 15. The vertical distance between two production levels is 28.5 m.
Each of the modeled production areas in the simulation consists of 17 productions drifts (see Figure 3 ), the total expected amount of ore to be mined being 6.17 Mt. According to the mine's regulations, production at level 10 starts when level 9 is 75 percent completed. This means that 1.54 Mt remains to be hauled from level 9, while 6.17 Mt will be hauled from level 10. There is no sub-level below level 10 to commence production when the lower level is 75 percent complete, so the results that originate from the last 25 percent of level 10 will show less traffic disturbance. The reason is that the next level below it is the new main level at 1685 m. For the sub-levels above the main level at 1685 m, the modeled production areas (indicated as areas 1, 2, 3, and 4 in Figure 2) were chosen for the purpose of the truck modeling and simulation. Due to mining restrictions, this is the maximum number of production areas that can be used at the same time. Areas 1 and 3 are in the same production level, which for this study is called level 9, while areas 2 and 4 are on the level below, which is here called level 10. We also simulated four production areas (two at each level) for levels 14 and 15. The vertical distance between two production levels is 28.5 m.
Each of the modeled production areas in the simulation consists of 17 productions drifts (see Figure 3 ), the total expected amount of ore to be mined being 6.17 Mt. According to the mine's regulations, production at level 10 starts when level 9 is 75 percent completed. This means that 1.54 Mt remains to be hauled from level 9, while 6.17 Mt will be hauled from level 10. There is no sub-level below level 10 to commence production when the lower level is 75 percent complete, so the results that originate from the last 25 percent of level 10 will show less traffic disturbance. The reason is that the next level below it is the new main level at 1685 m.
Haulage is done by trucks from all production areas to a crusher at the main level (1365 m). Trucks are loaded at the loading chamber and use a ramp to transport material to the crusher. The simulation model also includes the time loss when trucks meet to give way to each other, when they meet at intersection points between ramp and crosscuts, and when they meet at the corner points. The model logic applies the rule that when trucks meet, the empty truck gives way to the loaded truck at the nearest waiting zone. The haulage distances from each ramp to the entry point at the main level (1365 m) are 2320, 2610, 4060 and 4350 m for levels 9, 10, 14 and 15 respectively. The length of the main level is 2150 m, measured from the entry of the ramp to the crusher. This makes the total haulage distances traveled by trucks 4470, 4760, 6210 and 6500 m for levels 9, 10, 14 and 15 respectively. The crusher can be fed from two dumping points. During simulation, it was assumed that the crusher would never break down. The simulation was run until the machines in operation finished removing all the available ore from the simulated production areas. All ramps have an inclination of 1:10.
Scenarios
Seven scenarios were evaluated and analyzed, all aiming at meeting the stated production target of 10,000 t per day per production area (Table 1) . Different combinations of machines were used for each scenario. Two sizes of LHDs with capacities of 10 and 21 t and five different sizes of trucks, with capacities of 20, 21, 40, 42 and 63 t were used. For all scenarios, both electric and diesel trucks were used, the number of electric LHDs was limited to two at each production area. When two LHDs were employed, each one of them worked on a different side of the production area, meaning that there was no interaction between the LHD machines during production. The LHDs were used to load the trucks at each working area. The rationales behind the selection of the different scenarios are as follows:
‚
Scenario 1 was selected to analyze the haulage system when two LHDs serve smaller sized trucks (with capacities of 21 t).
‚ Scenarios 2 and 3 were selected to analyze the effect of traffic and queuing on loading and dumping points for each production area when bigger units (trucks with capacities of 42 and 63 t) are employed.
‚ Scenarios 4 and 5 were selected to simulate the effects of increases in depth when having to transport the ore from deeper levels (14 and 15) to the existing dump station at the current main level at 1365 m.
‚ Scenarios 6 and 7 were selected to allow for smaller drift sizes, such that larger trucks cannot fit. Therefore, two electric LHDs, each with a bucket capacity of 10 t, were used to load trucks with box capacities of 20 and 40 t.
In all scenarios, the aim was to determine the number of trucks needed to reach the desired production goals. In scenarios 1 to 5, operations with large drifts/openings (5 m wide) were modeled and analyzed, whereas in scenarios 6 and 7, operations with small drifts/openings (less than 5 m wide) were modeled and analyzed. Note that in scenarios 1 and 4, one bucket is assumed to fill the truck. This would in the real operation create a risk of overloading the truck. Still, these scenarios are presented here since they are used to illustrate what happens when a smaller truck is used.
Input Data
The cases were analyzed considering variations in the availability of trucks and production areas, and also disturbance from other mining vehicles on their way to and from the production haul areas. The truck availability was assumed to be 90 percent. The production area availability was set at 100 percent for areas with fewer interactions, and 80 percent for areas with several other mining activities. The availability of LHD machines was set at 100 percent for two of the cases, since the LHD was immediately replaced after breakdown with another during the course of production, and 90 percent when down time was considered. Keeping a back-up unit can be a costly strategy especially for a small mining operation. However, for a large mining operation like the one presented in this paper, this is a feasible strategy and therefore used in this study.
According to the data obtained from the mine, the disturbance from other mine vehicles to the trucks was modeled as somewhere between zero percent and two percent. This means that up to two percent of the total available time is lost due to traffic disturbance, and hence the delay for trucks increases when the mine vehicles are driving up or down the ramp and along the main level. The term 'traffic disturbance' refers to the percentage of time assumed to be lost when trucks meet in the haul ways (the main drift and the ramp). No traffic disturbance occurs inside production areas because within the production drifts, only LHDs are travelling to transport material from production faces to a hauling point. Input data for the simulation were collected from the mine, and from the equipment manufacturers. Five different cases were studied for each scenario (Table 2) . The assumed truck parameters (Table 3 ) used in the simulation are based on data from the mine and from manufacturers. The data for the 21 t truck were obtained from a different mine since the 21 t truck was not used in the studied mine. There is a great variability in the loading time of the hauling units. To determine the proper distribution function, a statistical analysis was performed and a triangular distribution was selected to model the loading times. The size of the production drifts does not accommodate the truck size and therefore, during loading, the trucks wait at the access point that connects the main level and the production drifts. The loading time includes the time taken by the LHDs to travel from the production drifts to the truck loading point. The loaded truck moves up the ramp, which has an incline of 1:10, while the empty truck moves down the ramp decline to the loading points. 
Verification and Validation
Simulation model verification is the process of ensuring that the model design has been transformed with sufficient accuracy into a computer model [21] . Validation is the process of ensuring that the model is sufficiently accurate for the purpose intended [21] . The stages for verification and validation processes used in this study are based on the one proposed by Robinson [22] . As seen in Figure 4 , the stages included in the process are: The model is considered "valid" when the assumptions underlying the conceptual model are correct, and when it has been determined that the model represents the real system [15, 21, 23] .
The data validation was performed according to the steps described below:
1. Production data from the operating mine together with machine specifications were used to derive and calculate output parameters of interest. The data used were actual t/h, shift schedule, equipment availability. The calculations resulted in specific values for number of working hours required to load the ore from a production area, number of required days required to load the ore from a production area and number of hours the equipment were unavailable. 2.
The next step was to run a simulation using the same input data and boundary conditions as for the calculations in step 1. The simulation model uses more detailed equipment data (speed, time to load, time to dump, as presented in Table 3 ) based on the mine operating data and data from the manufacturer.
3.
The results from the simulation were then compared with the results from the calculation in step 1, ensuring that the simulation model gave similar output results.
A mathematical analysis was also done when calculating and verifying the theoretical cycle time for trucks (drive to the dump location, dump, and drive back again), to verify the upper limit of the trucks.
Black box validation was then carried out by comparing the output from the simulation model with the output from the real system. This was done by comparing the actual hourly production of the mine with the simulation output for one mine block (shown in Figure 3) . The average actual hourly production for this block is 4147 t/h with the 21 t loader. The output from the simulation model resulted in an hourly production of 41,474 t/h with the 21 t loader, which validated the model and proved that it behaved like the real system.
White box validation was carried out by using debugging techniques, animations, model inspections by specialists, and by running the model under varying conditions. 
Results and Discussion
The simulation was run based on mining in the 9th, 10th, 14th, and 15th levels in the mine (see Figure 2) . At each level, trucks were used to transport the material from loading areas to the crusher, which is located at the current main level at 1365 m. Each level consists of two production areas. Two electric LHDs, with bucket capacities of 21 and 10 t, were used to load the trucks at each production area. The 21 t LHDs were used to provide in the case of the large openings, while 10 t LHDs were used for smaller openings. The aim of the simulation was to determine the number of trucks needed to meet the production target of 10,000 t when the ore pass system is not used.
Trucks Needed
The simulation was first conducted for the case of 21 t LHDs loading 21 t trucks (scenario 1). After the first simulation, the model was adjusted, and the other scenarios shown in Table 1 were simulated. The results for scenario 1 show that, when using smaller sized LHDs to load onto smaller sized trucks, between 13 and 16 trucks are needed, depending on the case being analyzed (see Figure 5 ). In case one, fewer trucks (13) are required to meet the target compared with the other cases. This is because, for this case, we assumed that LHDs were immediately replaced with another after breakdown during production, and we also assumed that there could be no disturbances from other mine operations in the production area or with other mine vehicles on the ramp.
The results for scenarios 2 and 3 show that, when larger trucks are used, fewer machines (between eight and ten for scenario 2, and between six and seven for scenario 3) are required to achieve the production goal. For these scenarios, the truck sizes used were 42 and 63 t, respectively. The reason for requiring fewer trucks is that, although the bigger trucks have a slightly slower 
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Trucks Needed
The simulation was first conducted for the case of 21 t LHDs loading 21 t trucks (scenario 1). After the first simulation, the model was adjusted, and the other scenarios shown in Table 1 were simulated. The results for scenario 1 show that, when using smaller sized LHDs to load onto smaller sized trucks, between 13 and 16 trucks are needed, depending on the case being analyzed (see Figure 5 ). In case one, fewer trucks (13) are required to meet the target compared with the other cases. This is because, for this case, we assumed that LHDs were immediately replaced with another after breakdown during production, and we also assumed that there could be no disturbances from other mine operations in the production area or with other mine vehicles on the ramp. The results for scenarios 6 and 7 are shown in Figure 6 . In these scenarios, electric LHDs with a capacity of 10 t were used to load the trucks with capacities of 20 and 40 t. It shows that a higher number of 20 t trucks were needed (between 17 and 24) compared with 40 t trucks (between 10 and 16). For example, in scenario 6, case 5, more than 20 trucks were required to attain the production target due to presence of higher traffic disturbance when a large number of trucks are in operation. For scenario 7, although case 5 also allows for two percent of time loss due to traffic, fewer trucks were needed to meet the target. The reason for this is that, when production goes ahead in this case, no trucks are available for production in other areas. This, therefore, reduces the congestion of trucks on the ramp.
Comparing all the scenarios, the one requiring the fewest trucks to achieve the daily production target was scenario 3. This is because trucks with the highest capacity were used for this scenario. For cases 3, 4 and 5, since the area availability is lower, a large number of trucks is needed to meet the daily production target. Furthermore, based on the results from scenarios 4 and 5, it can be shown that, the deeper the mine gets, the more trucks are needed.
Truck Traffic on the Ramps
During simulation, the different haulage options were evaluated by determining the truck traffic at each production area depending on which level the trucks were working. The term traffic refers to the percentage of time lost when trucks meet in the haul ways (the main drift and the ramp). The results for scenarios 2 and 3 show that, when larger trucks are used, fewer machines (between eight and ten for scenario 2, and between six and seven for scenario 3) are required to achieve the production goal. For these scenarios, the truck sizes used were 42 and 63 t, respectively. The reason for requiring fewer trucks is that, although the bigger trucks have a slightly slower speed, over the same time period they dump more material than smaller sized trucks.
The results for scenarios 4 and 5 show that more trucks are needed when mining deeper: between 17 and 21 trucks for scenario 4, and between 11 and 14 trucks for scenario 5. The reason for this is that, under these scenarios, trucks have longer cycle times since they have a longer distance to travel to the dump station (6210 m for level 14 and 6500 m for level 15). Compared with scenarios 1 and 2, more trucks were required to achieve the daily production under scenarios 4 and 5, despite the fact that the compared scenarios use the same truck sizes. Cases 3 and 4 result in similar number of trucks for all scenarios despite the difference in truck and loader sizes. This is because for these cases, area availability was reduced to 80%, which leads to more idle time for loading and haul units.
The results for scenarios 6 and 7 are shown in Figure 6 . In these scenarios, electric LHDs with a capacity of 10 t were used to load the trucks with capacities of 20 and 40 t. It shows that a higher number of 20 t trucks were needed (between 17 and 24) compared with 40 t trucks (between 10 and 16). The results for scenarios 6 and 7 are shown in Figure 6 . In these scenarios, electric LHDs with a capacity of 10 t were used to load the trucks with capacities of 20 and 40 t. It shows that a higher number of 20 t trucks were needed (between 17 and 24) compared with 40 t trucks (between 10 and 16). For example, in scenario 6, case 5, more than 20 trucks were required to attain the production target due to presence of higher traffic disturbance when a large number of trucks are in operation. For scenario 7, although case 5 also allows for two percent of time loss due to traffic, fewer trucks were needed to meet the target. The reason for this is that, when production goes ahead in this case, no trucks are available for production in other areas. This, therefore, reduces the congestion of trucks For example, in scenario 6, case 5, more than 20 trucks were required to attain the production target due to presence of higher traffic disturbance when a large number of trucks are in operation. For scenario 7, although case 5 also allows for two percent of time loss due to traffic, fewer trucks were needed to meet the target. The reason for this is that, when production goes ahead in this case, no trucks are available for production in other areas. This, therefore, reduces the congestion of trucks on the ramp.
During simulation, the different haulage options were evaluated by determining the truck traffic at each production area depending on which level the trucks were working. The term traffic refers to the percentage of time lost when trucks meet in the haul ways (the main drift and the ramp). When trucks meet at the intersection points between ramp and crosscuts, or at the corner points, the empty truck gives way to the loaded truck at the nearest wait zone. As seen in Figure 7 for levels 9 and 10 (scenarios 1, 2, 3, 6 and 7), the average time loss due to queuing and waiting for trucks on the ramps is 8.17 percent. Scenario 6 generates higher truck traffic on the ramps due to the depth of levels 9 and 10, and also due to the large number of trucks in operation compared with other scenarios. The third scenario generates less traffic on the ramps since it requires the fewest trucks to meet the required production target. The average transportation time rose to over 23 percent of the total working time when the smaller sized LHDs were used to load the trucks (levels 9 and 10). When trucks meet at the intersection points between ramp and crosscuts, or at the corner points, the empty truck gives way to the loaded truck at the nearest wait zone. As seen in Figure 7 for levels 9 and 10 (scenarios 1, 2, 3, 6 and 7), the average time loss due to queuing and waiting for trucks on the ramps is 8.17 percent. Scenario 6 generates higher truck traffic on the ramps due to the depth of levels 9 and 10, and also due to the large number of trucks in operation compared with other scenarios. The third scenario generates less traffic on the ramps since it requires the fewest trucks to meet the required production target. The average transportation time rose to over 23 percent of the total working time when the smaller sized LHDs were used to load the trucks (levels 9 and 10). Since more trucks are needed at levels 14 and 15 due to increased depth, the truck traffic on the ramps increases, and hence results in increased idle time for each truck due to queuing problems. This shows that, when deeper levels are in operation, a lot of time is lost due to queuing and waiting time for trucks on the ramps. An analysis of the results indicates that the most favorable option for large openings is the haulage system using trucks with a capacity of 63 t. The results also show that the favored option for smaller openings is to use trucks with a capacity of 20 t. To achieve the planned production target of 10,000 t per day from each mine block, the option with large openings requires about seven trucks to be in operation, whereas more than 20 trucks would be required for smaller openings. This shows that, for smaller production drifts, hauling using trucks will not be an economical option in order to attain the target of 10,000 t per day.
Diesel truck haulage systems are highly flexible in terms of travel routes and fleet size, and Since more trucks are needed at levels 14 and 15 due to increased depth, the truck traffic on the ramps increases, and hence results in increased idle time for each truck due to queuing problems. This shows that, when deeper levels are in operation, a lot of time is lost due to queuing and waiting time for trucks on the ramps.
An analysis of the results indicates that the most favorable option for large openings is the haulage system using trucks with a capacity of 63 t. The results also show that the favored option for smaller openings is to use trucks with a capacity of 20 t. To achieve the planned production target of 10,000 t per day from each mine block, the option with large openings requires about seven trucks to be in operation, whereas more than 20 trucks would be required for smaller openings. This shows that, for smaller production drifts, hauling using trucks will not be an economical option in order to attain the target of 10,000 t per day.
Diesel truck haulage systems are highly flexible in terms of travel routes and fleet size, and present no electrical hazards. However, the use of a large number of trucks underground increases the risks from flammable fuel, results in higher heat emissions and noise levels, and emits toxic gases into the mine environment. This results in higher costs because of the additional energy needed for longer haul distances, and the need for additional ventilation to mitigate geothermal heat and exhaust gas emissions.
Based on the ratio of emissions and the amount of fuel used, the diesel machines emit 2.68 kg of CO 2 gas for every liter of diesel fuel used [24] . The need for ventilation to mitigate engine heat and emissions will be higher, and this will lead to increased operating costs. One of the possible alternatives when using smaller trucks is to develop two ramps: one ramp will be used by loaded trucks (incline) and the other by empty trucks (decline).
For large openings, the analysis shows that seven trucks can be employed to attain the planned production target. More than seven trucks will increase traffic congestion, result in longer idle times, higher operating costs, and lower the production rate.
Due to increased depth, and hence increased rock stresses, problems with ore passes failure are expected, which will lead to further delays in material transportation. In sub-level caving, when ore passes and trains are used to transport the ore to a crusher, ore pass management is necessary in order to avoid interruptions to material flow. When the costs of managing the ore passes become too high, or when ore passes cannot be used for production, haul trucks can be employed as an alternative method to transport ore and waste up the ramps to the existing crusher located at the previous main level. If truck haulage is adopted, a crusher and a rail-mounted track system at the lower main level will no longer be required, and there will be no need to extend a shaft from the previous levels. This will reduce the reinvestment costs for the new main level infrastructures.
General Discussion of the Results and Method
The choice of using simulation to solve problems is sometimes disputable and in many cases analysis using simulation is too complex and time consuming given the nature of the study. For this specific study, using simulation was the preferred option, and the results presented above could not have been generated with the same accuracy through manual calculations alone. Analyses of the given problem include more input information than could be handled by manual calculation and still generate results with the same degree of detail and accuracy as possible with a simulator. In the simulations concerning level 9 and 10, the output results also showed important information on how the traffic disturbances affected the overall performance and the variance in total time each truck was working in one area until it started to drive on the ramp (the trucks driving time and loading time) which affects the frequency at which trucks entered the ramp. The number of trucks also affected queuing, both inside each area and at the dump location, and the availability of the loaders is another important factor that affects how the trucks work.
All of these factors, which are hard to describe and calculate since they are not deterministic values or constants, require a dynamic model that behaves like reality to obtain a reliable result. For the purpose of investigating a possible future scenario, the most appropriate tool possible should be used, which in this case is a simulator.
Conclusions
This study was conducted in an existing deep underground mine that uses sub-level caving. Discrete event simulation was used to evaluate options for future haulage from the lower mine levels without the use of ore passes by comparing different haulage equipment with various sizes operating from the production drifts to the crushers. The results indicated the following:
‚
Haul trucks can be employed as an alternative haulage method when the costs of managing the ore passes become too high, or the ore passes cannot be used for production.
‚ For large openings, the favored option for this case is a haulage system using trucks with a capacity of 63 t.
‚ For smaller production drifts, hauling using trucks will not be economical in order to attain the desired production target.
The study showed that discrete event simulation together with verification and validation processes to develop a model for analysis is a suitable tool for investigating and analyzing mine operations prior to new investments or implementation of new systems. There are, however, many additional considerations that analysis by simulation may not be able to resolve. To evaluate additional costs and considerations when using trucks, discrete event simulation can be combined with economic analysis models to improve understanding and reduce risk related to the selection of the operational systems.
Future research in this area will focus on combining discrete event simulation and mixed integer programming to study the following: ore pass management costs, additional truck operating costs, new haulage systems for deeper levels, and the capital costs required for installation of the necessary infrastructures in the new main level. Future work on comparison of the capital and operational cost of electric versus diesel trucks is also suggested.
